Production of terminally redundant DNA from the RNA genome and the subsequent integration of this DNA into the host chromosome are key stages in the retroviral lifecycle. Early in infection in most retroviruses virally encoded reverse transcriptase (RT) copies the RNA into the DNA form, adding terminal redundancies in the process, termed long terminal repeat (LTR) sequences.
Production of terminally redundant DNA from the RNA genome and the subsequent integration of this DNA into the host chromosome are key stages in the retroviral lifecycle. Early in infection in most retroviruses virally encoded reverse transcriptase (RT) copies the RNA into the DNA form, adding terminal redundancies in the process, termed long terminal repeat (LTR) sequences. 1 This linear molecule then enters the nucleus where it integrates randomly into the host genome by means of the retroviral integrase (IN) , in a precise mechanism involving the removal of the terminal two base pairs (bp) of each LTR. [2] [3] [4] [5] In a number of retroviruses, for example murine leukaemia virus (MLV), spleen necrosis virus (SNV), Rous sarcoma virus (RSV) and avian sarcoma and leukosis viruses (ASV,ALV), circularised forms of the linear DNA molecule (2LTR circles) have been identified. 3, 4, [6] [7] [8] [9] In the case of MLV, these closed circular forms are unnecessary for integration and the direct precursor to integration of the MLV provirus is the linear molecule. 3, 4, 10 However, in SNV, RSV, ASV and ALV, closed circular forms were shown to act as targets for integration, [7] [8] [9] although these reports have not been substantiated.
Foamy viruses are classified as one of the seven genera of retroviruses. They infect a wide variety of cell types, producing a characteristic 'foamy' cytopathology in Correspondence vitro, 11, 12 however, they appear to be entirely non-pathogenic in vivo. [13] [14] [15] The apparent lack of associated disease, in conjunction with their integrative element, 16 has led to interest in the use of foamy viruses as vectors for the delivery of therapeutic genes in vivo. Most work has been carried out with the prototype human foamy virus (HFV) which is now known to be of chimpanzee origin. 17, 18 During HFV integration, the presence of closed circular forms of the proviral DNA has not been established. We considered whether the HFV IN could efficiently integrate a closed circular molecule containing a 5'-3' LTR junction sequence: the long-term aim being to exploit this in the design of a hybrid vector combining HFV with an adenovirus (Ad) by means of the bacteriophage P1 cre/loxP system. [19] [20] [21] [22] [23] Ad vectors have been developed extensively due to the large packaging capacity and broad host-range of the parent virus. Furthermore, they can infect both dividing and non-dividing cells, are produced to high titres with comparative ease and have a high in vivo transduction efficiency. However, following infection, the genome remains episomal and is lost during cell division. Retroviral vectors, on the other hand, are of value because of their ability to integrate a transgene into the host genome allowing long-term expression. However, unlike Ad vectors, they are limited by production difficulties, restricted packaging capacity, reduced ability to infect non-dividing cells and low in vitro transduction efficiency. The respective disadvantages of either vector are best overcome by producing hybrid vectors incorporating the integration ability of retroviruses with the high titre, broad host-range of Ad vectors. This has already been achieved with MLV and first generation Ad vectors by a number of groups that have generated Ad vectors expressing either the retroviral packaging components or the retroviral vector genome. In vitro and iv vivo transduction with these vectors leads to the production of transient MLV vector producing cells which, in turn, result in integration and long-term transgene expression. [24] [25] [26] [27] [28] [29] [30] An alternative strategy developed by Murphy et al 31 relies on the ability of the MLV IN to integrate a 2LTR circle. Although in natural infection only the linear genome is integrated, 3, 4, 10 Murphy et al 31 have clearly demonstrated that if only 2LTR circles are available in an infected cell they can be integrated in a provirus-specific manner by the MLV IN. The MLV vector was then incorporated into an Ad vector and, in conjunction with the MLV IN and the cre/loxP system, [19] [20] [21] was integrated in a provirus-like manner allowing prolonged transgene expression. Zheng et al 32 have also shown that an MLV vector genome cloned into an Ad vector can be integrated in a provirus-like manner. However, an IN protein was not included and the mechanism by which integration occurred has not been established. 33 IN proteins are also encoded by bacteriophages and the bacteriophage IN, is able to excise circular molecules containing its recognition attP and attB sites. 34 Although, not directly comparable to retroviral integration it is a further demonstration of the ability of integrases to utilise circular molecules.
Building on the observations with the MLV and bacteriophage systems, 31, 32, 34 we attempted to show integration of a 2LTR circle by the HFV IN before development in an Ad vector. To test the hypothesis, pLTRI and pLTRII were generated. The plasmid pLTRI ( Figure 1a ) contains two directly oriented loxP sites flanking the HFV cassette, which consists of the enhanced green fluorescent protein (eGFP) gene driven by the cytomegalovirus immediate-early (CMV-IE) promoter, with the simian virus 40 (SV-40) late polyadenylation (polyA) site, followed by the LTR junction sequence (see Figure 1 legend). This junction sequence consists of the last 27 bp of the 3' U5 region fused to the first 28 bp of the 5' U3 region of the HFV LTR. 35 The plasmid pLTRII was derived from pLTRI by inserting the puromycin resistance (puro R ) gene linked to the encephalomyocarditis virus internal ribosome entry site (IRES) and a synthetic intron downstream of the eGFP gene (Figure 1b) . The loxP sites, flanking the HFV cassette will allow Cre recombinase directed excision of the intervening DNA. 19, [36] [37] [38] In the context of a linear DNA genome, such as that of an Ad, Cre recombinase will excise a circular proviral-like molecule. It was hoped that the HFV IN would be capable of integrating this into the host genome by means of the LTR junction sequence. A Western blot using an IN-specific antibody 39 confirmed that both pRR2, expressing the full repertoire of Gag and Pol proteins, 40 and pcIN1, expressing IN alone, 39 were producing IN ( Figure  2 ) and the data of Imrich et al, 39 confirmed that IN was able to enter the nucleus.
To assess whether IN was capable of increasing the frequency of integration of pLTRII by utilisation of the LTR junction sequence, a series of transfections was carried out in both 293 and 293T cells and the level of eGFP expression monitored by flow cytometry over four passages. The cells were maintained in medium without any selection pressure and, to ensure that the DNA concentration and, hence the transfection efficiency, 34 in the negative controls was similar, the IN expressing con- structs were replaced with the non-expressing pACYC184 (NEB, UK). In the presence of either pcIN1 or pRR2, the level of eGFP expression decreased at each passage (represented in Figure 3 by the grey and white columns, respectively), in a pattern similar to that seen in the absence of IN (represented by the black columns). In the event of IN-mediated integration, the number of eGFP expressing cells would stabilise over serial passage to a level above that obtained in the absence of IN. Since this was not the case, integration was either occurring at a low level or not at all. Stable transformants were subsequently selected on the assumption that the number of cell clones formed under selection pressure, following transfection of pLTRII in the presence or absence of IN, related to the level of integration occurring at the LTR junction. The hypothesis is that more colonies would form in the presence of IN than in its absence, if it were capable of using the LTR junction as a target for integration. However, the number of colonies obtained per transfection, for both 293 and 293T cells was the same in the presence of IN (grey and white columns, Figure 4 ), as in its absence (black columns).
The presence of integrated forms of both pLTRI and pLTRII was analysed by PCR to determine whether INmediated integration had occurred. However, as both constructs were greater than 5 kb and too large to amplify, the cre/loxP system, already included in the plasmids, was utilised. As the HFV cassette in both constructs was flanked by loxP sites, it was possible, in the presence of Cre, to excise them from the input plasmid, resulting in a 1.6 kb circle that was readily amplified by PCR. The plasmid pLTRI was co-transfected into 293T cells with the Cre-expressing pMC-Cre 41 and either pRR2 or pcIN1. As negative controls, pLTRI was transfected in the absence of pMC-Cre, pRR2 and pcIN1 and also in the presence of pMC-Cre alone. The plasmid pUC18 (Roche, Lewes, UK) replaced pMC-Cre, pRR2 and pc1N1 in the negative controls.
At 96 h after transfection, passage 1 (P1), genomic DNA was extracted and amplified by PCR using two oligonucleotide primer pairs specific to either proviral integration or both proviral and plasmid integration ( Figure  5 and Table 1 ). An aliquot of the cells was simultaneously analysed by flow cytometry to confirm eGFP expression (flow cytometry data not shown). Cells from each transfection experiment were passaged on two further occasions and analysed by both flow cytometry and PCR at each passage ( Figure 6 ). Primer pair 1d/2d recognises both the proviral-and plasmid-integrated forms, producing a 1.6-kb amplicon, and demonstrated that the DNA had not been lost in the extraction procedure. The primers also amplify a 1.6-kb product from episomal pLTRI and the episomal Cre-excised fragment of pLTRI, both of which should be lost on passaging. Primer pair 1c/1f produces a 0.7-kb amplification product if the 3' and 5' LTRs have been separated by IN-mediated proviral integration and face one another. The whole 5.6-kb episomal pLTRI and the 1.6-kb episomal Cre-excised fragment of pLTRI before integration are also amplified, thereby showing the success of the Cre recombination ( Table 2 shows the expected bands produced by each primer pair with each form of integration and episomal fragment). As before, the episomal fragment should be lost on passaging.
In all transfections, plasmid DNA was detected at P1 by primer pair 1d/2d (Figure 6a ), but lost by P3, corresponding with the loss in eGFP expression (Figure 3 ). cells. 45 At confluency the cells were again analysed by flow cytometry and re-seeded. Genomic DNA was also extracted from 2 × 10 6 cells. This process was repeated for three passages. The genomic DNA was analysed by PCR ( Figure 4 and Tables 1 and 2) This indicates that the PCR products seen at P1 and P2, in both the presence and absence of IN, were the result of episomal DNA amplification rather than the amplification of either IN-mediated proviral integration or plasmid integration. The use of primer pair 1c/1f confirmed that Cre recombination was occurring by the amplification of 1.6-kb bands in the presence of Cre (Figure 6b,  lanes a, b, d , e, f and h) and the amplification of the 5.6-kb input pLTRI in the absence of Cre (Figure 6b , lane c). However, no product was amplified by P3. This was expected based on the results obtained by primer pair 1d/2d and the loss of eGFP expression, and again indicated that the bands seen in P1 and P2 were the result of episomal DNA amplification rather than the amplification of an integrated molecule. These data suggest that the IN was not effectively mediating integration by means of an LTR junction sequence, thereby resulting in the loss of eGFP expression over time as the episomal plasmid was degraded.
To distinguish episomal plasmids from true integration, the experiment was repeated using pLTRII, which allowed puromycin selection pressure to be applied. The plasmid pLTRII was co-transfected into 293T cells with pMC-Cre and pRR2. In control experiments, pLTRII was transfected in the absence of pMCCre and pRR2 and in the presence of pMC-Cre alone. At 96 h post-transfection (P1), genomic DNA was extracted from each transfection and amplified by PCR using primer pair 1c/1f specific for provirus-like integration and Cre recombination. As before, an aliquot of the cells was simultaneously analysed by flow cytometry to confirm eGFP expression. Cells from each transfection experiment were passaged a further three times under puromycin selection pressure and analysed by both flow cytometry and PCR at P2, P3 and P4 ( Figure 7 ). Under puromycin selection pressure, eGFP expression was maintained in 100% of the cells up to P4. However, only the Cre-excised episomal fragment of pLTRII was amplified ( Figure 7, lanes a and c) . If proviral integration were occurring, the PCR product present in lane a would still be present at P4, at a similar intensity to that seen at P1, corresponding to the 100% eGFP expression seen up to P4. In addition, genomic DNA extracted from single cell clones made following transfection of 293T cells with pLTRII, pMC-Cre and either pRR2 or pcIN1 was analysed by PCR using primer pair 1c/1f. Despite 100% eGFP expression following a number of passages, the provirus-specific primers failed to amplify a band representing proviral-like integration.
Taken together, these results show that while the HFV IN is able to integrate a linear form of the genome, 16 it is unable to integrate a closed circular DNA molecule containing an LTR junction sequence. It is possible that the junction sequence was of insufficient length and that the inclusion of larger sections of the LTRs may be necessary for recognition. However, in human immunodeficiency virus type 1, 2LTR circles, containing full-length LTRs, are artefacts that play no role in integration 42 and this may also be the case for HFV. Experiments carried out using the IN of SNV and a complete 2 LTR circle generated similar results to those obtained with HFV (not shown), but were in contrast with early, and since unsubstantiated, SNV data of Panganiban and Temin. 8 It is possible that provirus-like integration occurs at a level below that of our detection methods, but this would be insufficient for exploitation as a means of producing hybrid vectors for gene therapy. It would appear that although the MLV IN is able to integrate a 2LTR circle, 31 this finding cannot be extrapolated to all retroviruses and hence, may not be a strategy that can be used to produce a variety of retrovirus/Ad virus hybrid vectors.
